The effect of acute stress on the immune system was examined in mice. Restraint stress decreased the number of lymphocytes in the liver, whereas the number of lymphocytes remained unchanged in the spleen and thymus. In the liver, the decrease in number appeared at 1.5 h and fell to a third of the control level at 3 h. + cells remained constant in the liver under the stress, while those of total T cells and NK cells decreased. The levels of hyaluronan (HA) in various tissues and sera were then examined. The expression of hyaluronan binding protein (HABP) was found to increase in the skin, liver and kidney as shown by immunohistochemical staining. An increase of HA in sera due to stress was seen at 3 h. The present results suggest that the activation of CD44 + T cells and unconventional T cells (i.e., innate immunity) in the blood and the elevated levels of HA (ligand for CD44) in the tissues and blood are crucial responses to acute stress exposure.
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There have been many reports on the relationship between various stresses and immunological conditions in humans, rats, and mice (4, 6, 28, 30, 32, 38) . Not only physical stress (21, 22, 28, 30, 32) but also psychological and psychosocial stress (3, 4, 8, 14, 19, 38) increases the concentrations of catecholamines (i.e., adrenalin, noradrenalin, and dopamine) in the peripheral blood, resulting in a change in the number of lymphocytes (4, 6, 8, 12, 19, 20, 22, 23) . As for the clinical importance of stress, acute stress activates inflammation and improves wound healing, vaccination effectiveness and resistance to infection (7, 9, 10, 38) , while chronic stress is immunosuppressive (25) and impairs wound healing (11, 29) .
In the earlier studies, we have investigated the effect of long-term physical stress for 24 h on immunological conditions and found that the stress increased the concentration of catecholamines and corticosterone in the peripheral blood and that the stress changed the proportions of lymphocyte subsets in various tissues (28, 30, 32) . Especially in liver, the percentages of IL-2Rβ
int cells and NKT cells increased and the cytotoxicities of NK cells and NKT cells were changed by the stress. In the present study, we administered psychological stress to mice, the stress period of 6 h being shorter than that of the previous experiments (24 h) (28, 30, 32) . We investigated herein whether the subsets of IL-2Rβ
int cells, NKT cells, CD3 + CD44 + cells (i.e., CD44 + T cells) and B cells were influenced by stress. These subsets of lymphocytes are abundant in the liver and are known to be stressresistant (28, 30) . The results indicated that the stress clearly changed the number of lymphocytes and the percentages of some lymphocyte subsets in cytes was identified by a two-color immunofluorescence test (26) . The monoclonal antibodies (mAbs) used for these experiments included anti-CD3ε (145-2C11), anti-IL-2Rβ (TM-β1), anti-NK1.1 (PK136), anti-CD44 (IM7), and anti-B220 (RA3-6B2) (BD PharMingen, San Diego, CA). All mAbs were fluorescein isothiocyanate-, phycoerythrin (PE)-, or biotin-conjugated forms. The biotin-conjugated mAb was developed with PE-conjugated streptavidin (BD PharMingen). To prevent nonspecific binding of mAbs, anti-CD16/CD32 (2.4G2) mAb was added before staining with labeled mAbs. The suspended lymphocytes (5 × 10 5 -2 × 10 6 /tubes) were stained with mAbs and analyzed with a FACScan (Becton-Dickinson, Mountain View, CA). Dead cells were excluded by forward scatter, side scatter, and propidium iodide gating.
Immunohistochemistry. The tissues (liver, kidney, small intestine, and skin of mice) were fixed in 10% formalin, embedded in paraffin, and cut by microtome (Yamato Kohki industrial Co. Saitama, Japan) into 3-μm-thick section. Paraffin-embedded sections (3 μm) were mounted, dewaxed in xylene, and rehydrated in a graded ethanol. After inhibition of endogenous peroxidase activity by the method of Isobe et al. (15) , we performed immunohistochemistry using an biotinylated-hyaluronic acid binding protein (HABP, Seikagaku Co. Tokyo, Japan). As a secondary antibody, we used horseradishperoxidase-linked streptavidin (Dako, Glostrup, Denmark). After visualization with 3,3'-diaminobenzidine (Vector Laboratories, Inc., Peterborough, UK), nuclear staining with hematoxilin, and mounting with resin, the positive reactions were observed under a light microscope.
Measurement of HA concentration. We prepared peripheral blood (PB) from mouse hearts and determined the HA concentrations by Hyaluronan Assay Kit (Seikagaku Kogyo, Tokyo, Japan).
Preparation of total RNA and RT-PCR method.
Total RNAs were prepared from a part of the kidneys and the adrenal glands from the mice subjected to stress for 0 h, 3 h and 6 h using ISOGEN (Nippon Gene, Tokyo, Japan) following the instructions of the manufacturer. The prepared RNAs were converted to cDNAs by the SuperScript tm III First-Strand Synthesis System for RT-PCR Kit (Invitrogen, CA) according to the company's protocol. RT-PCRs for G3PDH, hyaluronic acid synthase (HAS)1, HAS2 and HAS3 were performed with 50 ng of total RNA the liver. The concentration of blood hyaluronan (HA), a major adhesive counterpart of CD44 molecules on cell surface (1, 2, 5, 31, 33, 36) , was also investigated. The expression of HA was examined in the skin, liver and kidney. Stress-induced activation of CD44 + T cells and unconventional T cells and stress-induced elevation of HA levels in various tissues seemed to be one of the important responses after the exposure to acute stress. The interaction between CD44 molecules and HA was discussed.
MATERIALS AND METHODS
Animals. Male C57BL/6 mice were purchased from Charles River Laboratories, Japan, Inc. (Kanagawa, Japan) and were used at the age of 8-10 weeks. They were fed under specific pathogen-free conditions in the animal facility of Niigata University (Niigata, Japan). This experiment was approved by the Animal Ethics Committee of Niigata University.
Acute stress. We used a conventional method to administer restraint stress to mice (4, 6, 8, 19, 38) . That is, mice were exposed to acute stress for 6 h using a 50-mL centrifuge tube having a sufficient number of holes for ventilation to prevent an acute rise in body temperature. In this situation, the animals were not squeezed or compressed, so this stress was psychological rather than physical (3, 4, 6, 8, 14, 38) .
Preparation of mononuclear cells (MNCs) from liver, spleen, and thymus.
Mice anesthetized with isoflurane were sacrificed, and then livers, spleens, and thymuses were removed. Hepatic lymphocytes were prepared as previously described (37) . Briefly, the liver was pressed through 200-gauge stainless steel mesh, and then the minced flesh was suspended in Eagle's MEM medium supplemented with 5 mM HEPES and 2% newborn calf serum. After washing, the pellet was resuspended in 35% Percoll solution containing 100 u/mL heparin and centrifuged at 2,000 rpm (424 × g) for 15 min. The pellet was resuspended in red blood cell lysis solution (155 mM NH 4 Cl, 10 mM KHCO 3 , 1 mM EDTA, and 17 mM Tris-HCl (pH 7.6)) and then washed twice with the same medium. Splenocytes and thymocytes were obtained by forcing the spleen and the thymus respectively through 200-gauge stainless steel mesh. Splenocytes were treated with 0.2% NaCl for 30 s to remove red blood cells.
Immunofluorescence test. The phenotype of lympho-G3PDH except that there were 35 cycles. The products were electrophoresed in 2% agarose gels and stained with ethidium bromide.
Statistical analysis. Statistical comparisons were performed by One-way repeated measure ANOVAs and Student's t-test. A value of P < 0.05 was considered to be significant.
RESULTS

Alteration of the number of lymphocytes in liver, spleen and thymus by stress
Changes in the numbers of lymphocytes in the liver, by using the following primers and conditions: G3PDH: sense primer, 5'-GCGAGACCCCACTAA CATCAAATG-3', G3PDH antisense primer, 5'-CA GTGGATGCAGGGATGATGTTCT-3', 1 time at 94°C for 10 min, 30 times at 94°C for 15 s, at 60°C for 30 s, and at 72°C for 60 s, and 1 time at 72°C for 7 min; HAS1: sense primer, 5'-AGACGGAGAA GAGAGAATCCAGGAG-3', HAS1 antisense primer, 5'-ATGGTAGTTGCCATCCCACACATAA-3'; HAS2: sense primer, 5'-CTTTTTGGAGTGTCTCT CCTCCTCG-3', HAS2 antisense primer, 5'-TATG GGACTCTTCTGTCTCACCAGG-3'; HAS3: sense primer, 5'-AGGTTTTTAGGGAGTCCCCTCAC AT-3', HAS3 antisense primer, 5'-CAACATGTAG GTATCTTCCTGGCGA-3'; the same condition for Fig. 1 Total numbers of lymphocytes in the liver, spleen and thymus. Lymphocytes were prepared from the liver, spleen, and thymus at 0 h (normal), 1.5 h, 3 h and 6 h after the start of the restraint stress as described in "Materials and Methods" (n = 6). The numbers were determined by counting lymphocytes with a microscope. The data represent the means ± SD. The asterisks indicate a statistically significant difference; *P < 0.05. 
Induction of HA in the tissues by stress
Immunohistochemical staining was conducted to examine the expression of HA in various organs before and after stress (6 h) (Fig. 4) . In normal mice, the expression of HA was limited to small areas (e.g., vessel walls). However, after the stress, the expression of HA was induced at various sites of the tissue. Such sites included connective tissues of skin, the vessels of the liver and the kidney, and the lamina propria and submucosal layer of the intestine.
Increase of HA in sera and HAS2 mRNA induction
The HA concentration in sera, which was nearly 200 ng/mL in normal mice, increased up to 650 ng/ mL at 3 h and retained that value at 6 h under stress (Fig. 5a ). The expression of HAS mRNA in the kidney and adrenal gland was then investigated. It was found that HAS2 mRNA was induced at 3 h and spleen and thymus were studied in mice subjected to stress from 0 to 6 h (Fig. 1) . The number of lymphocytes in the liver drastically decreased from 4.2 × 10 6 cells in the normal mice to 1.5 × 10 6 cells at 3 and 6 h. As for the number of splenocytes, the effect of stress was not so clear. The number of splenocytes in normal mice, which was about 6.6 × 10 7 cells, diminished to 3.8 × 10 7 cells from 0 h to 6 h under conditions of stress. In contrast to the liver and the spleen, the number of thymocytes did not vary.
Changes of the proportion of lymphocyte subsets by stress
The change of the proportions of some lymphocyte subsets was analyzed using a fluorescent activated cell sorter (Fig. 2) . Under conditions of stress, the ratio of the subset of IL-2Rβ
int cells in the liver rose from about 16% at 0 h to about 30% at 1.5 h and increased to nearly 50% at 6 h (indicated by arrows), whereas in the spleen, the percentage of the same subset only slightly changed. Similarly, due to stress, the ratio of NKT cells in the liver increased from 13% in the control to about 20% at 1.5 h and reached roughly 40% at 6 h (indicated by arrows), while such a difference was not detected in the spleen (Fig. 2) . Due to stress, the proportion of hepatic CD44 + T cells rose from about 12% at 0 h to about 30% at 1.5 h and was augmented nearly 50% at 3 and 6 h (indicated by arrows), whereas the proportion of the same subset did not change in the spleen. Regarding the subset of B cells in the liver, the decrease of the percentage from about 50% in the normal mice to about 20% was seen at 6 h under the stress, but there was no clear change in the spleen.
Shifts of the numbers of lymphocyte subsets in the liver and spleen under stress
Data on the changes of the cell numbers of some lymphocyte subsets in the liver and spleen by the stress are shown in Fig. 3 . Under stress, the total number of T cells in the liver decreased by about half at 3 and 6 h, while the number in the splenocytes did not fall. A transient increase in the number of CD44 + T cells (somewhat IL-2Rβ + CD3 int cells and NKT cells as well) was seen in the liver at 1.5 h. The numbers of IL-2Rβ
int cells and NKT cells did not change significantly in the spleen. The numbers of NK cells and B cells decreased in the liver due to stress, whereas stress did not affect the number of such cells in the spleen. (Fig. 5b) . Well-reproducible results of the expression of HAS1 and HAS3 mRNA in the condition described in "Materials and Methods" could not be obtained.
DISCUSSION
In the present study, we demonstrated that acute stress reduced the number of lymphocytes in the liver at 3 h and in the spleen at 6 h, while that of thymocytes did not decrease. However, this stress increased the proportion of IL-2Rβ + CD3 int cells and NKT cells in the liver at 3 and 6 h, whereas it did not affect the proportion of those cells in the spleen. In investigation of the subsets of CD44 + T cells and B cells, it was revealed that the proportion of CD44 + T cells increased and the proportion of B cells diminished in the liver, while there were only slight changes of those subsets in the spleen. Regarding lymphocyte subsets, IL-2Rβ
int cells, NKT cells, and CD44 + T cells in the liver, they remained constant in number under stress, whereas total T cells and NK cells decreased in number. In the spleen, the numbers of those subsets did not decrease, except the subset of CD44 + T cells. Variation in the number of lymphocyte subsets may be due to their apoptosis and/or migration. Since the proportion of CD44 + T cells in the liver was increased by stress, the increase in the concentration of HA in tissues and blood was investigated. It is known that HA is a major ligand for CD44 (1, 2, 5, 31, 36) , which is a glycosylated protein widely expressed in many tissues (2) and which functions not only as a HA receptor but also as various signal transducers (5, 27, 31) . HA is a polymer containing multiple copies of disaccharide N-acetyl-D-glucosamine and D-glucuronate synthesized at the plasma REFERENCES membrane and is not associated with any core proteins (16, 34, 35, 39) . In light of this knowledge, there may be a relationship between the increase of the ratio of CD44 + T cells in the liver and the raise of HABP concentration in tissues and HA in blood under the stress in the present study. One possibility is that both degraded and activated HA induced by the stress may activate CD44 + T cells with innate immunity as a result of mutual interaction. Such activated T cells have the ability to protect the host from autoreactivity. A major population of CD44 + T cells is comprised of IL-2Rβ + CD3 int cells or NKT cells with autoreactivity (28, 30) . To determine the reasons for the increase of HA concentration, we examined the expression of HAS genes in the kidney and adrenal gland of stressed mice and found that HAS2 mRNA was induced in 3 h and returned to the normal level at 6 h. The induction of HAS2 mRNA may explain the increase of HA concentration in tissues and blood because newly synthesized HA accumulates around the cell surface (16, 27, 35) . There have been many reports on control of the expression of HAS genes (13, 18, 24) . Mammals have three HAS genes named HAS1, HAS2, and HAS3 (18, 39) . Although all HAS genes have the same function of making HA, each of them works differently, that is, the enzymes of HAS1 and HAS2 produce higher molecular weight HA (up to 2 × 10 6 Dalton) than that made by HAS3 (1 × 10 5 to 1 × 10 6 Dalton) (17) . The regulation of HAS2 mRNA is very important to control cell proliferation in vivo and in vitro. Together, there are many factors controlling the induction or the suppression of the genes and that of each gene has diverse expression mechanisms.
In conclusion, the present study showed the intimate relationship between the induction of CD44 + T cells (including IL-2Rβ
int cells and NKT cells) and the increase of degraded and activated HA in the tissues and blood in mice exposed to acute stress. Both degraded and activated HA might be related to the activation of CD44 + T cells with autoreactivity. Such unconventional T cells may be beneficial to promptly eliminate abnormal-self cells which arise due to stress.
